Purpose Imaging of the 18-kDa translocator protein (TSPO) is a potential tool for examining microglial activation and neuroinflammation in early Alzheimer's disease (AD). F]FEMPA at Turku (13 subjects) and at Karolinska Institutet (4 subjects). The in vitro binding affinity for TSPO was assessed using PBR28 in a competition assay with [ 3 H]PK11195 in seven controls and eight AD patients. Cortical and subcortical regions of interest were examined. Quantification was performed using a two-tissue compartment model (2TCM) and Logan graphical analysis (GA). The outcome measure was the total distribution volume (V T ). Repeated measures analysis of variance was used to assess the effect of group and TSPO binding status on V T . Results Five AD patients and four controls were high-affinity binders (HABs). Three AD patients and three controls were mixed-affinity binders. V T estimated with Logan GA was significantly correlated with V T estimated with the 2TCM in both controls (r=0.97) and AD patients (r=0.98) and was selected for the final analysis. Significantly higher V T was found in the medial temporal cortex in AD patients than in controls (p=0.044) if the TSPO binding status was entered as a covariate. If only HABs were included, significantly higher V T was found in the medial and lateral temporal cortex, posterior cingulate, caudate, putamen, thalamus and cerebellum in AD patients than in controls (p<0.05).
F]FEMPA is a novel high-affinity second-generation TSPO radioligand that has displayed suitable pharmacokinetic properties in preclinical studies. The aims of this study were to quantify the binding of [ Methods Ten AD patients (five men, five women; age 66.9± 7.3 years; MMSE score 25.5±2.5) and seven controls (three men, four women; age 63.7±7.2 years, MMSE score 29.3± 1.0) were studied using [ 18 F]FEMPA at Turku (13 subjects) and at Karolinska Institutet (4 subjects). The in vitro binding affinity for TSPO was assessed using PBR28 in a competition assay with [ 3 H]PK11195 in seven controls and eight AD patients. Cortical and subcortical regions of interest were examined. Quantification was performed using a two-tissue compartment model (2TCM) and Logan graphical analysis (GA). The outcome measure was the total distribution volume (V T ). Repeated measures analysis of variance was used to assess the effect of group and TSPO binding status on V T . Results Five AD patients and four controls were high-affinity binders (HABs). Three AD patients and three controls were mixed-affinity binders. V T estimated with Logan GA was significantly correlated with V T estimated with the 2TCM in both controls (r=0.97) and AD patients (r=0.98) and was selected for the final analysis. Significantly higher V T was found in the medial temporal cortex in AD patients than in controls (p=0.044) if the TSPO binding status was entered as a covariate. If only HABs were included, significantly higher V T was found in the medial and lateral temporal cortex, posterior cingulate, caudate, putamen, thalamus and cerebellum in AD patients than in controls (p<0.05).
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Introduction
Neuroinflammation is a pathological phenomenon characterized by microglial activation and reactive astrocytosis. Neuroinflammatory changes are observed in various neurodegenerative disorders including Alzheimer's disease (AD). Post-mortem studies in AD patients have shown that microglial activation is associated with the presence of amyloid plaques [1] , suggesting a link between amyloid pathology and neuroinflammation. In vivo imaging of microglial activation can be a useful tool for early detection of neuroinflammation in AD. The 18-kDa translocator protein (TSPO) is a mitochondrial protein [2, 3] expressed in macrophages [4] , microglia [5] and reactive astrocytes [6] , and is considered a marker of activated microglia and macrophages [7] .
) was the first TSPO radioligand developed for imaging activated microglia. The first evidence of increased TSPO binding in AD patients using [ 11 C](R)-PK11195 was reported by Cagnin et al. [8] . This finding was replicated in a group of 13 AD patients who were also examined with the amyloid radioligand [ 11 C]PIB [9] . A large overlap of TSPO binding signal was, however, observed between controls and patients with AD or with mild cognitive impairment (MCI) using [ 11 C](R)-PK11195 [10, 11] . It was suggested that either microglial activation in AD is a subtle phenomenon [11] or that [ 11 C](R)-PK11195 is not sensitive enough to detect in vivo increased microglial activation in AD [10] .
Several TSPO radioligands with greater affinity than [ 11 C](R)-PK11195 have been developed [12] , and some of them have been used for in vivo imaging of neuroinflammation. Increased TSPO binding in AD and MCI patients compared with controls has been found using the high-affinity radioligand N-(2,5- [13, 14] . When t h e 1 8 F a n a l o g u e o f D A A 11 0 6, N -( 5 -f l uo r o -2 -p h e n o x y p h e n y l ) -N -( 2 -1 8 F -f l u o r o e t h y l -5 -methoxybenzyl)acetamide ([ 18 F]FEDAA1106) was used, no statistically significant increase in TSPO binding in AD patients could be detected in comparison with controls [15] . A large variability in outcome measures of [ 18 F]FEDAA1106 among different subjects was observed [15] .
A major source of variability in TSPO binding is related to the presence of different binding affinity profiles. This property was first demonstrated and fully examined for the h i g h -a f f i n i t y T S P O r a d i o l i g a n d ( N --{[2-(methyloxy)phenyl]methyl}-N-[4-(phenyloxy)-3-pyridinyl]acetamide (PBR28) [16] , but it was also shown for other second-generation TSPO ligands [17] . In the case of [ 11 C]PBR28, it has been demonstrated that the rs6971 polymorphism of the TSPO gene is responsible for the different binding affinity profiles [18] . Subjects can be high-affinity, mixed-affinity or low-affinity binders (HAB, MAB, LAB) based on the homozygosity or heterozygosity for the polymorphism. Therefore, imaging of the TSPO using secondgeneration radioligands should take into account the binding status of the study participants, particularly when different groups of subjects are examined. Recently, increased TSPO binding in amyloid-positive AD patients has been demonstrated using [ 11 C]PBR28 and adjusting for TSPO genotype [19] . 
Materials and methods

Subjects
The study was conducted in line with the principles of the Helsinki Declaration and approved by FIMEA and the Swedish Medical Products Agency, by the local Ethics Committee of the Southwest Hospital District of Finland and of the Stockholm region, and by the Radiation Safety Committee of Turku Hospital and Karolinska University Hospital. The study was registered at www.ClinicalTrials.gov (NCT01153607) and included a total of 24 participants. Of these participants, 17 were included in the present study and 7 were included in a whole-body dosimetry study that will be reported separately.
Ten AD patients and seven controls were studied at Turku PET Centre (13 subjects) and at Karolinska Institutet (4 subjects; Table 1 ). All subjects gave written informed consent for participation in the study. AD patients were recruited from the University of Turku and from the Karolinska University Hospital, Huddinge. Controls were recruited at both sites, by local advertisement and from a database at the Karolinska Trial Alliance in Stockholm. All subjects underwent careful clinical and neurological examinations, Mini-Mental State Examination (MMSE), and neuropsychological testing including assessment of memory function. Probable AD was diagnosed according to the clinical criteria of the National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) and the criteria of the Diagnostic and Statistical Manual of Mental Disorders (DSM IV). In addition to these criteria, the diagnostic criteria defined by McKhann et al. that include imaging or CSF and in vivo biomarkers were used [20] , particularly in those patients showing unimpaired global cognition (MMSE score 28, 29 and 30).
The inclusion criterion was mild to moderate disease (MMSE score ≥20 and a Clinical Dementia Rating score of 1 or 2). Other forms of dementia (e.g. dementia with Lewy bodies) had to be excluded. Patients were under stable treatment (at least 6 months before the study) with cholinesterase inhibitors. Additionally, neither AD patients nor controls were allowed to show signs of systemic autoimmune or inflammatory disease. Participants with other current treatments acting on the central nervous system (including antiinflammatory treatments in prespecified time frames) were also excluded in order to avoid interference with the in vivo binding of the radioligand.
PET experimental procedures
Details of radiolabelling procedures of [ PET measurements PET measurements were performed using an ECAT EXACT HR+ (Turku PET Centre) and an ECAT EXACT HR (Karolinska Institutet) systems in two PET sessions. The first PET session consisted of a 90-min dynamic acquisition with a Ge sources. At Turku, images were reconstructed with filtered back projection, a 256×256 matrix, and a pixel size of 1.226×1.226 mm. At Karolinska Institutet, images were reconstructed with filtered back projection, with a 2-mm Hanning filter, a zoom factor of 2.17, and a 128×128 matrix. Images were corrected for attenuation and scatter. A NEMA Jacszack phantom with spheres of different diameter and uniform background filled with 18 F radioactive solution at a ratio of about 4:1 was acquired at both centres under similar experimental conditions and using the standard reconstruction method at each centre. The difference in the recovery coefficient between the two PET systems was 9.4 % for the spheres and 4.2 % for the background, suggesting the possibility that the data from the two PET systems could be pooled.
Arterial blood was sampled using an automated system (Allogg AB, Mariefred, Sweden) for the first 10 min and using manual sampling thereafter. Samples for metabolite analysis (HLPC, Supplementary Appendix 1) were taken at 2, 5, 10.5, 20, 30, 45, 60, 90, 120 and 150 min.
Magnetic resonance imaging
MRI was performed at Turku University using a Philips Gyroscan Intera 1.5-T Nova Dual scanner (Philips, Best, The Netherlands) and at the Karolinska Institutet using a 1.5-T GE Signa system (GE Healthcare, Milwaukee, WI). MRI scans consisted of a T2-weighted sequence for ruling out pathological changes and a 3-D T1-weighted spoiled gradient recalled (SPGR) sequence for both coregistration with PET and volume of interest (VOI) analysis. MRI scans were evaluated for white matter changes according to the AgeRelated White Matter Changes (ARWMC) scale [21] , and exclusion criteria were an ARWMC score of >1 in the basal ganglia and >2 in the subcortical white matter.
Image analysis
Images were analysed at Turku PET Centre. PET images were coregistered to the T1-weighted MRI images using SPM2 (Wellcome Department of Imaging Neuroscience, London, UK). VOIs were delineated using the software Imadeus 1.20 (Forima, Turku, Finland). The following regions were defined: frontal cortex, parietal cortex, lateral and medial temporal cortex, occipital cortex, posterior cingulate cortex, caudate, putamen, thalamus, pons, cerebellum and the subcortical white matter.
TSPO binding status
The TSPO binding status was measured at Imanova Centre for Imaging Sciences from peripheral blood samples. In two AD patients (AD1 and AD2) plasma was not available for the binding competition assay. The PBR28 binding status was measured using a competition binding assay with [ 3 H]PK11195 on platelet membrane suspension (Supplementary Appendix 2). Data were analysed using GraphPad Prism 5.0 software. One-site and two-site binding models were compared using a sum-of-square F test. In four subjects (controls 6 and 7, AD patients 8 and 9) the binding status was less reliably measured because of low protein concentration in the samples.
Data analysis
A preliminary analysis showed that the first PET session was sufficient for quantification of [ ]FEMPA: the time to peak uptake (t peak ) and the time when the brain radioactivity decreased to 50 % of the peak (t half-peak ), both expressed in minutes. The quantification was performed using kinetic and Logan graphical analysis (GA). Kinetic analysis was performed with nonlinear least squares fitting and a two-tissue compartment model (2TCM) with four parameters (K 1 , K 1 /k 2 , k 3/ k 4 , k 4 ) and blood volume fitted for each region. The outcome measure was the total distribution volume (V T ). In one subject (AD2), arterial blood sampling was not successful, and this patient was excluded from further analyses. The variability of V T estimated with the 2TCM and Logan GA was calculated as the ratio between the standard deviation and the mean for each brain region, and expressed as percentage (coefficient of variance, COV%).
Statistical analysis
Regression analysis was used to assess the agreement between the 2TCM and Logan GA in estimating V T . The F test was used to compare the variability of V T (COV%) estimated with the 2TCM and Logan GA. Repeated measures analysis of variance (RM-ANOVA) was applied to test the effects of group (AD patients vs. controls) and TSPO binding status (MAB or HAB) on V T. The brain region (VOI) was entered as within-subject factor, the group as between-subject factor and the TSPO binding status as covariate. RM-ANOVA was also applied only to the data from the HABs. In this case, no covariate was entered in the model. As post-hoc analysis, ANOVA was applied to test the differences in V T between AD patients and controls in different brain regions. Statistical significance was assumed at p<0.05.
Results
TSPO binding status
Four controls were HABs and three were MABs, whereas five AD patients were HABs and three were MABs Fig. 1 and Supplementary Figs. 1 and 2 ). There were no statistically significant differences in the parent fraction or in the fraction of metabolites between controls and AD patients or between MABs and HABs (Fig. 1 Figs. 2 and 3 . In each binding group there were no statistically significant differences between controls and AD patients in kinetic parameters based on SUV data (Supplementary Table 1 ). However, among the AD patients the t half-peak was significantly lower in MABs than in HABs (p=0.008), whereas only a trend was observed in the controls (p=0.15).
PET quantification
A preliminary comparison between a one-tissue compartment model and the 2TCM showed that the 2TCM provided a better fit of the data by visual inspection and based on the Akaike information criterion. Therefore only the 2TCM was used in the final analysis of the data ( Supplementary Fig. 3 , Supplementary Tables 2 and 3 ). In HABs, V T values were significantly higher (p<0.05) in AD patients than in controls for the parietal cortex, lateral and medial temporal cortex, posterior cingulate, thalamus and cerebellum.
Representative Logan plots of [
18 F]FEMPA are presented in Fig. 4 . There was a statistically significant correlation between V T estimated with the 2TCM and with Logan GA in controls (r=0.97, p<0.001) and AD patients (r=0.98, p<0.001) across all regions and subjects, with values close to the line of identity ( Supplementary Fig. 4 ). The mean COV% of V T estimated with Logan GA tended to be lower than the mean COV% of V T estimated with the 2TCM in AD patients (p=0.05, Supplementary Table 4). Logan GA was selected for the final analysis of the data, considering the high correlation for V T between Logan GA and the 2TCM and the slightly lower COV% of V T estimated with Logan GA in AD patients.
RM-ANOVA using Logan V T showed a significant effect of TSPO (F=17.3, p=0.001) and a significant region×TSPO binding status interaction (F=5.2, p=0.004) . The group showed only a nonsignificant trend (F=3.7, p=0.077). No statistically significant region×group interaction was found. However, when only HABs were included in the analysis, a significant effect of group (F=9.2, p=0.02) was observed but no statistically significant region×group interaction was found. In all subjects, if the TSPO binding status was entered as covariate, a statistically significant difference between groups was found for the medial temporal cortex (Table 2) . If only the HABs were included, statistically significant differences between groups were found for the lateral and medial temporal cortex, posterior cingulate, caudate, putamen, thalamus and cerebellum (Table 2 ). In Fig. 1 Mean plasma parent fractions in mixed-affinity binder (MAB) and high-affinity binder (HAB) in controls and AD patients. The error bars represent 1 SD HABs, the V T values (mean ± SD) in these regions were on average 19.5±3.0 % higher in AD patients than in controls, ranging from 15 % higher in the lateral temporal cortex to 24 % in the thalamus ( Table 2 , Fig. 5 and Supplementary Fig. 5 ).
Discussion
This study was designed to quantify the binding to TSPO of the novel radioligand [ 18 F]FEMPA in controls and AD patients and to evaluate whether increased TSPO binding in AD could be demonstrated in vivo. The primary outcome measure in this study was V T estimated using kinetic and Logan GA and the metabolite-corrected arterial input function, since no reference region for TSPO is present in the brain. Since a major source of variability in V T for all second-generation TSPO radioligands is known to come from the rs6971 polymorphism of the TSPO [18] , the binding status of the subjects was evaluated using a competition assay with [ 3 H]PK11195 and PBR28. In a separate work, the binding properties of FEMPA have been tested in human brain tissue samples known to belong to different binder subtypes, and it was found that the ratio in affinity between LABs and HABs was approximately 12 (unpublished data), that is about 4.6 times lower than that of PBR28.
The main finding of this study was that increased in vivo binding of [ F]FEMPA appeared to be a suitable radioligand for in vivo TSPO quantification, displaying good brain uptake, fast wash-out from the brain and relatively fast metabolism. V T estimated using Logan GA was in very good agreement with V T estimated using the 2TCM and also showed lower variability in both controls and AD patients. Fig. 2 Representative SUV images of mixed-affinity binders (MAB) and high-affinity binders (HAB). Transaxial slices at the level of the basal ganglia from two control subjects and two AD patients are shown. Frames between 5 and 30 min (top row) and between 60 and 90 min (bottom row) were averaged Fig. 3 Mean time-activity curves from mixed-affinity binders (MAB) and high-affinity binders (HAB) (controls and AD patients) for the thalamus and medial temporal cortex. Error bars represent 1 SD
TSPO binding status
In this study the TSPO binding status was examined in a competition assay with [ 3 H]PK11195 and PBR28. It is known that this assay provides results in agreement with the analysis of the polymorphism of the TSPO gene [22] . The K i high for the HABs was in good agreement with the K i value (3.10±5 nM) previously reported by Owen et al. [16] . The K i high and low values for the MABs were also in agreement with the K i high and low values (4.0±2.4 and 313±76.8 nM) previously reported [16] , although the K i low value for MABs was more in agreement with the K i low value previously reported for LABs (188±15.6 nM) [16] . Although in four subjects the protein concentration in the assay was low, leading to a reduced signal-to-noise ratio, the V T for HABs was approximately 2.2 times higher than the V T for MABs, in agreement with the V T ratio between HABs and MABs found across all subjects, which was approximately 1. The analysis was conducted in all subjects (HABs and MABs) and in the HAB subjects only (four controls, five AD patients). In the ANOVA conducted in all subjects, the TSPO binding status was included as covariate Fig. 4 Representative Logan plots for the thalamus and medial temporal cortex from mixed-affinity binders (MAB) and high-affinity binders (HAB). Data are from the same control subjects and AD patients displayed in Fig. 2 agreement with the 2TCM. In this study, the study groups comprised only HABs and MABs according to the in vitro binding affinity data. [19] . We examined the correlation between mean V T for [ 18 F]FEMPA in the cortical (frontal, temporal, parietal and occipital), limbic (medial temporal cortex and posterior cingulate) and subcortical regions (caudate, putamen and thalamus) and MMSE score, and found a weak nonsignificant negative correlation (r = −0.37 -−0.41, p = 0.12 -0.17) when combining data from controls and AD patients (data not shown), The lack of statistically significant correlation might be related to the limited sample size, and further studies are needed to specifically examine the relationship between TSPO binding of [ The PET data were analysed using only a conventional region of interest-based approach. Voxel-based analysis could be useful to identify differences in small areas that can be underestimated by the use of large regions of interest. In this study we did not apply voxel-based analysis because of the limited sample size of both groups and to avoid possible falsepositive and false-negative results that can be associated with small samples.
The potential of an 18 F-labelled tracer for use in the clinical setting could be improved by the use of a simplified acquisition protocol. However, in the case of [ 18 F]FEMPA, because of the lack of a reference region in the brain arterial input function data are needed to estimate V T . We did not observe differences in the parent fraction between AD patients and controls, suggesting that the observed differences in V T do indeed reflect differences in the brain distribution of the tracer. Such differences could be detected only by measuring the brain uptake as SUV. We did observe differences in SUV between the two groups, similar to differences in V T (data 
